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By Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows:°F =(1.8×°C)+32
Specific conductance is given in microsiemens per centimeter at 25 degrees Celsius (μS/cm at 25°C).
Concentrations of chemical constituents in water are given either in milligrams per liter (mg/L) or micrograms per liter (μg/L).
Concentrations of radioisotopes in water are given in picocuries per liter (pCi/L). 
Acronyms and Additional Abbreviations

Abstract
The Floridan aquifer system is a highly productive carbonate aquifer that provides drinking water to about 10 million people in Florida, Georgia, and South Carolina. Approximately 1.6 million people rely on domestic wells (privately owned household wells) for drinking water. Withdrawals of water from the Floridan aquifer system have increased by more than 500 percent from 630 million gallons per day (2.38 cubic meters per day) in 1950 to 4,020 million gallons per day (15.2 cubic meters per day) in 2000, largely due to increases in population, tourism, and agriculture production.
Water samples were collected from 148 domestic wells in the Upper Floridan aquifer in Florida, Georgia, South Carolina, and Alabama during 1998-2005 as part of the U.S. Geological Survey (USGS) National Water-Quality Assessment Program. The wells were located in different hydrogeologic settings based on confinement of the Upper Floridan aquifer. Five networks of wells were sampled consisting of 28 to 30 wells each-two networks were in unconfined areas, two networks were in semiconfined areas, and one network was in the confined area. Physical properties and concentrations of major ions, trace elements, nutrients, radon, and organic compounds (volatile organic compounds and pesticides) were measured in water samples. Concentrations were compared to water-quality benchmarks for human health, either U.S. Environmental Protection Agency (USEPA) Maximum Contaminant Levels (MCLs) for public water supplies or USGS Health-Based Screening Levels (HBSLs). The MCL for fluoride of 4 milligrams per liter (mg/L) was exceeded for two samples (about 1 percent of samples). A proposed MCL for radon of 300 picocuries per liter was exceeded in about 40 percent of samples.
Nitrate concentrations in the Upper Floridan aquifer ranged from less than the laboratory reporting level of 0.06 to 8 mg/L, with a median nitrate concentration less than 0.06 mg/L (as nitrogen). Nitrate concentrations did not exceed the MCL of 10 mg/L. Statistical comparisons indicated that median nitrate concentrations were significantly different by degree of confinement where the highest median nitrate concentration was 1.46 mg/L for 58 samples from unconfined areas, and by network, where the highest median nitrate concentration was 2.43 mg/L in 28 samples from unconfined areas in southwestern Georgia. Nitrate concentrations in unconfined areas were positively correlated to: (1) the percentage of agricultural land use around the well, (2) the amount of nitrogen fertilizer applied, and (3) the dissolved oxygen concentrations in groundwater.
Volatile organic compounds (VOCs) were detected in about 63 percent of all samples. Chloroform, carbon disulfide, and 1,2-dichloropropane were the most frequently detected VOCs. Chloroform, a byproduct of water chlorination, was most frequently detected in unconfined urban areas. Carbon disulfide, a solvent, was most frequently detected in confined areas in southeastern Georgia. Pesticides were detected in about 21 percent of all samples, but were detected in about 69 percent of the 28 samples from unconfined areas in southwestern Georgia. The herbicides atrazine, deethylatrazine, and metolachlor were the most frequently detected pesticides.
Introduction
The Floridan aquifer system is the primary source of drinking water for nearly 10 million people in the southeastern United States. Of the 10 million people, an estimated 8.2 million people obtained drinking water from publicwater supplies in 2000, and an estimated 1.6 million obtained drinking water from domestic wells (privately owned wells primarily used for household drinking water) in 2000 (Marella and Berndt, 2005) . This aquifer system also supports agriculture, industry and tourism.
Factors Affecting Water Quality in Domestic Wells in the Upper Floridan Aquifer, Southeastern United States, 1998-2005
By Marian P. Berndt and Christy A. Crandall The Floridan aquifer system consists of up to 1,000 meters (m) of carbonate rock (limestone and dolomite) (Miller, 1990) . The porous nature of the limestone and its proximity to the surface in some areas results in a groundwater resource that is particularly vulnerable to contamination from various land-use activities. This vulnerability, in some areas, is due in part to the presence of numerous karst features, such as sinkholes, which facilitate the movement of water from surface features and overlying hydrogeologic units to the uppermost unit of this aquifer system, the Upper Floridan aquifer.
The Floridan aquifer system is one of the principal aqui fers in the United States studied as part of the National Water-Qual ity Assessment (NAWQA) Program of the U.S. Geological Survey (USGS) (Lapham and others, 2005) to increase the understanding of how natural features and human activities affect groundwater quality. Because of the large number of people relying on the Upper Floridan aquifer for water supply from domestic wells and the relative vulnerability of this aquifer to contamination, an assessment of the relation between geochemical, hydrogeologic and anthropogenic (land use and population density) factors can help water-resource managers assess the vulnerability of this important drinking-water source to contamination.
Purpose and Scope
This report describes the factors affecting water quality in domestic wells in the Upper Floridan aquifer of the Floridan aquifer system in the southeastern United States. Water samples were collected from 148 domestic wells in Florida, Georgia, South Carolina, and Alabama during 1998-2005 as part of the NAWQA Program's assessment of groundwater quality in principal aquifers. The five networks of 28 to 30 wells each were sampled in areas classified on the basis of the confinement conditions of the Upper Floridan aquifertwo networks were in unconfined areas of southwestern Georgia and northern Florida, two networks were in semiconfined areas of northern Florida and southern South Carolina, and one network was in confined areas in southeastern Georgia. The network in the unconfined area in southwestern Georgia includes 2 wells in Alabama and 3 wells in Florida; the network in the semiconfined area in northern Florida includes 2 wells in Georgia; and the network in the confined area in southeastern Georgia includes 4 wells in Florida.
Samples from the domestic wells were analyzed for physical properties and concentrations of major ions, trace elements, nutrients, radon, volatile organic compounds (VOCs) and pesticides.
The quality of groundwater is described for the entire data set and for each sampling network. The geochemical and anthropogenic factors affecting the occurrence and distribution of contaminants were determined by comparing concentrations for nitrate and detection frequencies for pesticides and VOCs in the sampling networks, confinement categories, and major land-use categories. The land-use categories were based on the predominant land use in the area surrounding each well, which were derived from national-scale data sets for land use.
For this assessment, measured concentrations were compared to water-quality benchmarks for human health, U.S. Environmental Protection Agency Maximum Contaminant Levels (MCLs) and USGS Health-Based Screening Levels (HBSLs), to describe the potential importance of water-quality results for human health. Measured concentrations were also compared to secondary maximum contaminant levels (SMCLs), which are non-enforceable guidelines (established for non-health issues such as taste, color, odor, or corrosion), to describe the suitability of the water for household supply.
Description of Study Area
The Floridan aquifer system underlies an area encompassing about 260,000 km 2 in southern Alabama, southern Georgia, southeastern Mississippi, southern South Carolina, and all of Florida ( fig. 1 ). The study area for this report covers approximately 60 percent of the areal extent of the Floridan aquifer system and includes most of the areas where this aquifer system is a primary source of drinking water. 
Hydrogeologic Setting
The Floridan aquifer system is composed of a thick sequence of highly permeable and hydraulically connected carbonate rocks (principally limestone and dolomite) that generally range in age from late Paleocene to early Miocene. The rocks vary in thickness from a thin edge where they crop out at land surface to more than 1,000 m thick where the aquifer system is deeply buried in southern Florida (Miller, 1990) . In most places, the Floridan aquifer system can be divided into three units: (1) the Upper Floridan aquifer, (2) the middle confining unit, and (3) the Lower Floridan aquifer. The middle confining unit restricts the movement of groundwater between the Upper and Lower Floridan aquifers. Both the Upper and Lower Floridan aquifers are defined on the basis of permeability, and their boundaries locally do not coincide with those for either formation boundaries or time-stratigraphic units (Miller, 1986) . In places where no middle confining unit exists, the aquifer system is highly permeable throughout its vertical extent and is known as the Upper Floridan aquifer (Miller, 1986) . The Upper Floridan aquifer is the primary source of drinking water.
A sequence of sand, clay, marl, limestone, and dolomite of low permeability overlies much of the Upper Floridan aquifer and forms a confining unit, which ranges in thickness from a few meters in parts of southwestern Georgia and westcentral and north-central Florida to more than 100 m in southeastern Georgia, northeastern Florida, southeastern Florida, and the western part of the panhandle of Florida. The lithology, thickness, and integrity of these low-permeability units have a controlling effect on the development of permeability and local groundwater flow (Bush and Johnston, 1988 fig. 2 ). Three confinement categories were defined by Miller (1986) : (1) unconfined (confining units are absent), (2) semiconfined (confining unit less than 30 m thick or breached), and confined (confining unit more than 30 m thick) ( fig. 2) . Generalized hydrogeologic sections of the unconfined, semiconfined, and confined areas of the Upper Floridan aquifer are shown in figure 3 . The carbonate rocks of the Upper Floridan aquifer are readily dissolved in unconfined areas (Miller, 1990) . In these areas, dissolution of limestone is greatest because water is able to enter and move through the aquifer quickly. Water also discharges to surface water quickly through numerous springs. Forest, wetland, and agricultural areas constitute the majority of the land overlying the Floridan aquifer system (fig. 4) . The land area overlying the Floridan aquifer system is 34-percent forest, 25-percent wetland, 20-percent agricultural, 7-percent urban, 5-percent rock quarry or transitional, 5-percent grassland/herbaceous, and 4-percent water (T.L. Arnold, U.S. Geological Survey, written commun., 2006). The highly populated areas relying on the Floridan aquifer system are located in northern and coastal parts of Florida and in the coastal parts of Georgia ( fig. 5) , and include the major cities of Gainesville, Jacksonville, Orlando, St. Petersburg, Tallahassee, and Tampa, Florida, and Savannah, Georgia (figs. 1 and 5).
An estimated 4,020 Mgal/d (15,230,000 m 3 /d) of water was withdrawn from the Floridan aquifer system in 2000 (Marella and Berndt, 2005) with the highest use occurring in the most densely populated areas along the eastern coast and central Florida ( fig. 6 ). The greatest withdrawals occurred in Florida (3, 125 Mgal/d; 11, 840, (Marella, 2004) .
Methods
The following sections describe the methods used to collect and analyze data for this report. Methods described include sample collection and processing, quality assurance and quality control, comparison of results to water-quality benchmarks for human health, compilation of ancillary data about sampling sites, and geochemical and statistical analysis methods.
Sample Collection and Processing
Water samples were collected and processed using methods designed to yield samples that were representative of environmental conditions, minimally affected by contamination (Koterba and others, 1995) . The samples were collected directly from the wells before any water treatment and, in most instances, before any pressure or holding tanks. Field measurements were made of pH, specific conductance, temperature, alkalinity, and dissolved oxygen.
Samples were collected for laboratory analysis of major ions, nutrients, dissolved organic carbon, trace elements, radon, volatile organic compounds (VOCs), and pesticides. Water samples were analyzed at the USGS National Water Quality Laboratory (NWQL) in Lakewood, Colorado. VOC and pesticide analytes are listed in Appendixes 1 and 2, respectively.
Quality Assurance and Quality Control
Procedures to ensure data quality include written protocols for collection of field and laboratory quality-control samples. Quality-control samples were collected to provide information on possible sample contamination and measurement variability associated with the data-collection process (Koterba and others, 1995) . These quality-control samples consisted of field blank and sequential replicate samples that were collected, processed, and analyzed using methods similar to those used for the environmental samples. Field blanks were collected to ensure that equipment was adequately cleaned during sample collection to minimize potential cross contamination and that collection and processing did not result in contamination. Sequential replicate samples were collected immediately after environmental samples were collected, using the same equipment. Comparison of the results for the replicate sample to the results for the environmental sample aids in determining the variability of chemical analyses and the consistency of sample collection and processing.
The examination of VOC detections in field blanks, without comparison to the subsequently collected groundwater samples, overstates the potential for random contamination (associated with field protocols) in subsequently collected groundwater samples for some VOCs (J.S. Zogorski, U.S. Geological Survey, written commun., 2008). The water used to process field blanks (blank water) occasionally contains some VOCs, and the analytical results for field blanks can reflect this contamination source. Field blank contamination is most often (but not always) reduced to non-detectable levels prior to collection of a groundwater sample, thus eliminating this contamination source in most groundwater samples. The additional rinsing of the equipment and sample lines with well water prior to the collection of a groundwater sample is the probable cause for the elimination of contaminants. This native water rinsing has been shown to be highly effective in reducing the potential carryover of contaminants from equipment and sample lines to groundwater samples (Taglioli and others, 2001) . For these reasons, examination of VOC detections in field blanks, without comparison to the subsequently collected groundwater samples, is considered inadequate to describe the extent of random contamination of groundwater samples.
Analysis of NAWQA data from paired blank and groundwater samples during the collection of water samples from domestic and public-supply wells (during 1997-2008) indicates that only two VOCs require an assessment level to address potential random contamination associated with the method of collection for groundwater samples. The recommended interim assessment levels are 0.03 μg/L (micrograms per liter) for toluene and 0.05 μg/L for 1,2,4-trimethylbenzene (J.S. Zogorski, U.S. Geological Survey, written commun., 2008) . At these concentrations, the maximum probability of contamination in groundwater samples due to random sample contamination is about 1 percent for both compounds (J.S. Zogorski, U.S. Geological Survey, written commun., 2008) . Detections of toluene and 1,2,4-trimethylbenzene below these recommended levels were treated as non-detections.
Water-Quality Benchmarks for Human Health
Concentrations of water-quality constituents are compared to drinking water MCLs and Secondary Maximum Contaminant Levels (SMCLs) for regulated compounds (U.S. Environmental Protection Agency, 2006) , and to USGS HBSLs concentrations for unregulated compounds. These HBSLs are estimates of benchmark concentrations used to evaluate water-quality data in a human-health context and were developed collaboratively by the USGS, USEPA, New Jersey Department of Environmental Protection, and Oregon Health & Science University (Toccalino and others, 2003; . Although HBSLs are not regulatory standards and are not enforceable, they can be used as planning tools to prioritize contaminants that merit further study or monitoring. These HBSLs can provide an early indication of contaminant concentrations before they reach the level of human-health concern in water resources (Toccalino and others, 2005) . In this study, measured concentrations were compared to their respective benchmark concentration by calculating a benchmark quotient value to identify compounds of potential human-health concern. The benchmark quotient value is the ratio of a measured concentration of a detected compound to its MCL (for a regulated compound) or HBSL (for an unregulated compound). A benchmark quotient value greater than or equal to 1.0 was used to identify concentrations of potential human-health concern. A benchmark quotient value greater than or equal to 0.1 was used to identify compounds that may warrant inclusion in a low-concentration, trends-monitoring program. Such monitoring may provide an early indication of contaminant levels that approach human-health benchmarks, and consequently, concentrations of potential concern.
Geochemical Analysis
The geochemical program Aquachem was used to determine major-ion water types by converting concentrations of major ions into equivalents per liter (Waterloo Hydrogeologic Inc., 2005) . This computer program was also used to construct Piper diagrams that show the relative amounts of cations and anions in each water sample. The computer program PHREEQCI was used to determine calcite and dolomite saturation indices (Charlton and Parkhurst, 2002; Parkhurst and Appelo, 1999) .
Statistical Analysis
Descriptive and nonparametric statistics were used to summarize and compare well depth and concentrations of field properties, major ions and trace elements, nitrate, and dissolved organic carbon. The nonparametric Spearman rank correlation test was used to test for correlation between well depth and concentrations of major ions and field parameters within a group of data. The nonparametric Wilcoxon rank-sum test was used to test for differences in values or concentrations between two groups of data (SAS Institute, Inc., 1989a; 1989b; Helsel and Hirsch, 1992) . The alpha value used for these tests was 0.05, which means there is a 95-percent confidence that the differences among groups are not due to random chance. The p-value from the statistical tests must be less than the alpha value of 0.05 for the differences to be significant. [Land-use data described in Vogelmann and others, 2001, and Wolock, 2005; land- (Helsel, 2005) were used to determine if differences in median concentrations of nitrate were statistically significant between the samples in the three confinement categories and five sampling networks. The Peto-Prentice test was designed to handle data censored at multiple reporting levels and was used for the nitrate data because about half of the 148 samples had nitrate concentrations less than analytical reporting levels of either 0.06 or 0.05 mg/L. The multiple comparison procedures included a series of individual comparisons between two groups at a time. For each individual comparison of two groups, the alpha value of 0.05 was divided by the number of groups to obtain an individual comparison level (Helsel, 2005) . Thus, for each pair-wise comparison among the three confinement categories (such as comparison of confined to unconfined), the alpha value of 0.05 is divided by 3, and the p-value must be less than 0.017 for the differences to be significant, For each pair-wise comparison among the five sampling networks, the alpha value of 0.05 is divided by 5, and the p-value must be below 0.010 for the differences to be significant (Helsel, 2005) .
The Kendall's tau test for censored data (Helsel, 2005 ) was used to assess the significance of correlations between nitrate concentration and selected factors such as land use, nitrogen sources, population density, and soil characteristics. This nonparametric method uses ranks of the data to determine a monotonic relation between the explanatory variable (or factor) and the response variable (nitrate concentration). A p-value less than 0.05 indicates a 95-percent confidence level that a monotonic relation exists between the explanatory variable and the response variable.
Compilation of Ancillary Data
Ancillary data used in this report are derived from ancillary spatial-data layers that were developed to characterize NAWQA sampling sites for national synthesis of waterquality data. Estimates were generated for percentages of land within major land-use categories, population density, septic tank density, nitrogen and pesticide inputs, and soil properties for a 500-m-radius area surrounding wells sampled as part of the NAWQA Program (K.J. Hitt, U.S. Geological Survey, written commun., 2006). Although, the 500-m-radius area is not intended to represent the contributing area to the well, the information for this area does provide information about land use and potential sources of contamination near the sampled well. The national and county level estimates were compiled by various authors (listed below). Estimates for each data source were then computed for the 500-m-radius area (K.J. Hitt, U.S. Geological Survey, written commun., 2006). Land-use data, population density, septic tank density, nitrogen and pesticide inputs, and soil properties were derived from several sources. The land-use data set was derived from an enhanced version of the USGS 1992 National Land Cover Data (NLCD) (Vogelmann and others, 2001; Price and others, 2007) . For population density, the data set consists of 1990 Census of Population and Housing data, which includes 1990 population density, percentage of housing units using domestic wells, and percentage of housing units with septic tanks (U.S. Bureau of the Census 1991; 2000a). Estimates of atmospheric deposition of nitrogen, nitrogen from manure, and nitrogen from fertilizer were obtained from Ruddy and others (2006) . Estimates of nitrogen from septic systems were made by using census data and equation (1) (Lindsey and others, 2009 Estimates of pesticide application amounts for atrazine and metolachlor applications were compiled by Nakagaki and Wolock (2005) . Soils data were obtained from the State Soil Geographic (STATSGO) Data Base (U.S. Department of Agriculture, 1994) and compiled by Wolock (1997) . STATSGO includes characteristics such as permeability, organic-matter content, particle size, and hydrologic groups. Hydrologic groups are ordered from A to D, with group A having the lowest runoff potential and group D having the highest runoff potential (U.S. Department of Agriculture, 2007) .
A land-use classification was assigned to each well based on the percentages of selected land-use categories in the 500-m-radius areas. Sites were assigned a land-use classification of agricultural, urban, undeveloped or mixed using the classification system described in table 1. Results were used to compare the median nitrate concentrations and the occurrence of VOCs and pesticides among the land-use classifications.
Characteristics of Sampling Networks
Samples were collected from 148 domestic wells in Florida, Georgia, South Carolina, and Alabama as part of a NAWQA regional assessment of water quality in the Floridan aquifer system. Wells tapping the Upper Floridan aquifer were sampled in networks of 28 to 30 wells from 1998 to 2005. Wells were selected to represent groundwater being utilized for drinking water or other domestic uses. Most wells sampled are used by individual homeowners, but a few are used by small groups of homes, churches, or other small communities. Samples were collected in 1998 from 30 wells in semiconfined areas in southern South Carolina (network santsus2); in 2002 from 28 wells in unconfined areas in southwestern Georgia (acfbsus1), 30 wells in unconfined areas in northern Florida (gaflsus2), and semiconfined areas in northern Florida (gaflsus3); and in 2005 from 30 wells in confined areas in southeastern Georgia (gaflsus4) (table 2; fig. 2 ). It should be noted that the network in the unconfined area in southwestern Georgia includes 2 wells in Alabama and 3 wells in Florida; the network in the semiconfined area in northern Florida includes 2 wells in Georgia; and the network in the confined area in southeastern Georgia includes 4 wells in Florida.
Well depths were variable among the sampling networks with the deepest wells in confined areas of the Upper Floridan aquifer ( fig. 7 ). Median well depths were 50 m or less for the four networks in unconfined and semiconfined areas and ranged from a median depth of 28.0 m for wells in the network in unconfined areas in northern Florida (gaflsus2) to 53.3 m for wells in the semiconfined area in southern South Carolina (santsus2). The median depth for wells in the network in the confined area in southeastern Georgia (gaflsus4) was 132 m.
Selected characteristics of the areas surrounding the sampled wells, including potential contaminant sources such as land use, nitrogen sources, and population density were compiled to use as variables to explain water-quality results. In addition to potential sources of contaminants, soil properties were compiled for the areas surrounding the sampled wells because these data are related to transport of contaminants through the aquifer. Estimated values for these source and transport factors for the areas surrounding each sampled well were used in the analysis of the contaminant occurrence in groundwater. Median values for these source and transport factors are given for the entire data set and the five sampling networks in table 3 and are discussed in subsequent paragraphs. Agricultural and urban land uses provide potential sources of contaminants. For the entire data set, the median percentage of agricultural land use in areas surrounding wells was 40.6 percent (table 3). The median percentage of agricultural land use was greater than 50 percent for three of the Characteristics of Sampling Networks 9 Table 3 . Median values for land use, nitrogen sources, population density, and soil properties in the areas surrounding domestic wells for all data, the three confinement categories, and the five sampling networks.
[people/km sampling networks-the networks in the unconfined areas in southwestern Georgia (acfbsus1) and northern Florida (gaflsus2), and the network in the confined area in southeastern Georgia (gaflsus4). For the entire data set, the median percentage of urban land use was 0.7 percent. The median percentage of urban land use was highest (7.5 percent) in the network in the semiconfined area in northern Florida. The median percentage of urban land use was less than 1 percent in three of the sampling networks. The median percentage of forest land use was highest in the network in the semiconfined area in southern South Carolina (35.9 percent). The median percentage of land area in wetlands was highest (10.5 percent) in the network in the semiconfined area in southern South Carolina (table 3) . Population density and water use by household showed that most housing units used domestic wells and had a septic tank system. The median percentage of housing units using domestic wells ranged from about 70 to 88 percent, and the median percentage of housing units with septic tanks ranged from about 87 to 96 percent (table 3). The median population density in 1990 varied from about 8 people per square kilometer (people/km 2 ) in the network in the confined area in southeastern Georgia (gaflsus4) to about 28 people/km 2 for the network in the semiconfined area in northern Florida (gaflsus3).
Nitrogen associated with agricultural land-use sources comprised the largest component of the potential sources of nitrogen. The median amount of nitrogen from agricultural fertilizer was 1,274 kg/yr (kilogram per year) for the entire data set, and median values for sampling networks ranged from about 878 kg/yr in the semiconfined area in southern South Carolina to 2,574 kg/yr in the unconfined area in southwestern Georgia (table 3) . The median amount of nitrogen from animal manure was 259 kg/yr for the entire data set, and median values for sampling networks ranged from 0 kg/yr in the confined area in southeastern Georgia to 1,232 kg/yr in the unconfined area in northern Florida. The median amounts of nitrogen from atmospheric deposition and septic tanks were much lower ranging from 270 to 355 kg/yr for atmospheric deposition and 15.8 to 60.8 kg/yr for septic tanks.
For the soil characteristics, sampling networks in the unconfined areas in northern Florida and southwestern Georgia had the highest percentage of soils in soil hydrologic groups A and B (the two categories comprising well drained and moderately well drained soils) (U.S. Department of Agriculture, 2007). Other networks had less than 27 percent of soils in either of these two categories. The percentage of soil materials comprised of organic matter was low, with median values ranging from 0.3 to 0.8 percent. The percentage of soil materials comprised of clay ranged from about 8 to 28 percent, and the percentage comprised of silt ranged from about 7 to 21 percent. The percentage of soil materials comprised of sand showed the greatest variability among the sampling networks, ranging from about 55 to 86 percent (table 3) , with the highest median percentages occurring in the networks in the unconfined and semiconfined areas in northern Florida.
Groundwater Geochemistry
The dissolution of aquifer minerals, such as calcite and dolomite in carbonate aquifers, is an important geochemical process that controls the major-ion composition and pH of groundwater. Examination of pH values and concentrations of dissolved solids, major ions, and dissolved oxygen spatially and with depth in the aquifer can provide a means to assess the importance of groundwater residence time as a controlling factor on major-ion geochemistry. Few health guidelines have been established for major ions, but a MCL of 4 mg/L has been established for fluoride. The SMCLs have been established for pH, dissolved solids, chloride, sulfate and fluoride (U.S. Environmental Protection Agency, 2006). Analysis of dissolved oxygen concentrations in groundwater aid in determining the oxidation and reduction (redox) reactions that serve an important role in the transformation and biodegradation of anthropogenic compounds such as nitrate, pesticides, and VOCs. Assessment of major-ion water types and ion ratios can provide quantitative information about mineral-water interactions. In addition, determination of saturation indices with respect to calcite and dolomite using thermodynamic models is useful to gain an improved understanding of the factors that influence groundwater geochemistry (Stumm and Morgan, 1981) .
Dissolved Solids, Dissolved Oxygen, Major Ions, and pH
Concentrations of dissolved solids, dissolved oxygen, major ions, and values of pH were assessed for the 148 samples collected from domestic wells (table 4) . Dissolved solids concentrations ranged from 91 to 5,370 mg/L, with a median concentration of 179 mg/L ( fig. 8) . Concentrations of dissolved oxygen ranged from 0.1 to 9.7 mg/L with a median concentration of 0.7 mg/L. Calcium concentrations ranged from 1.5 to 302 mg/L and magnesium concentrations ranged from 0.35 to 90.6 mg/L. Median calcium and magnesium concentrations were 42.3 and 4.67 mg/L, respectively. The median bicarbonate concentration was 154 mg/L, and concentrations ranged from 54 to 567 mg/L. Sulfate concentrations ranged from 0.7 to 858 mg/L, with a median concentration of 3.4 mg/L, chloride concentrations ranged from 2.21 to 2,580 mg/L with a median concentration of 5.47 mg/L, and fluoride concentrations ranged from 0.1 to 5.5 mg/L with a median concentration of 0.17 mg/L. The median pH was 7.5, and pH values ranged from 6.3 to 9.0.
Median concentrations of dissolved solids, several major ions, and dissolved oxygen varied between sampling networks based on confinement categories for the Upper Floridan aquifer, although values of pH varied little between sampling networks (table 5). The median dissolved solids concentrations ranged from 147 mg/L for the unconfined area in southwestern Georgia to 235 mg/L for the semiconfined Miller, 1986.) area in South Carolina. Median bicarbonate concentrations were lowest in the unconfined area in southwestern Georgia (133 mg/L) and highest in the semiconfined area in South Carolina and the unconfined area in northern Florida (about 190 mg/L in each network). The median magnesium concentration was lowest in the unconfined area in southwestern Georgia, 0.96 mg/L, and was highest, 11.9 mg/L, in the confined area in southeastern Georgia. Median chloride concentrations ranged from 3.97 mg/L in the unconfined area in southwestern Georgia to about 7 mg/L in the unconfined and semiconfined areas in northern Florida. Median pH by network ranged from 7.3 in the unconfined area in northern Florida to 7.6 in the unconfined area in southwestern Georgia and the semiconfined areas in northern Florida and South Carolina.
Effects of aquifer confinement on groundwater geochemistry are seen in the higher concentrations of dissolved oxygen in groundwater in unconfined areas compared to semiconfined or confined areas. Dissolved oxygen in groundwater originates from the atmosphere and is depleted as groundwater moves through the flow system. In the unconfined areas, water recharges more readily and moves through the aquifer quickly. This recently recharged groundwater in unconfined areas often contains more dissolved oxygen than older, deeper groundwater. Median concentrations of dissolved oxygen were highest in samples from unconfined areas in southwestern Georgia (5.7 mg/L) and northern Florida (2.2 mg/L). Median concentrations were less than 1 mg/L for samples from the three networks in semiconfined or confined areas (table 5) .
Comparison of dissolved-solids and major-ion concentrations and pH values to MCLs or SMCLs (U.S. Environmental Protection Agency, 2006) indicated that few samples exceeded these standards for pH, chloride, fluoride, sulfate, or dissolved solids. Fluoride is the only major ion for which an MCL has been established. Fluoride concentrations in two samples (about 1 percent of samples) exceeded the MCL of 4 mg/L (table 6). These two occurrences were in the semiconfined area in South Carolina. Dissolved-solids concentrations exceeded the SMCL of 500 mg/L in about 5 percent of wells. For pH, about 4 percent of samples had values outside the SMCL range of 6.5 to 8.5. The SMCLs for chloride (250 mg/L), fluoride (4 mg/L), and sulfate (250 mg/L) were exceeded in less than 3 percent of wells (table 6) .
Major-ion chemistry was assessed by determining the major-ion water types based on concentrations of major ions in equivalents. Most water samples had dominant ions of calcium, bicarbonate, and magnesium ( fig. 9 ). For the entire data set, the most commonly occurring major-ion water types were calcium-bicarbonate (57 percent of the samples) and calciummagnesium-bicarbonate (26 percent) ( fig. 10) . The dominant major ion water type for most samples in unconfined areas was calcium-bicarbonate (figs. 9 and 10), whereas water types for samples from networks in semiconfined and confined areas 
Constituent
Benchmark were somewhat variable (figs. 9 and 10). For the semiconfined area in South Carolina, sodium-bicarbonate was the major-ion water type in 8 of 30 samples ( fig. 10 ). Katz (1992) hypothesized that cation exchange is the probable cause of this water type in the Upper Floridan aquifer. Sprinkle (1989, p. 31 ) also reported sodium-bicarbonate waters and suggested that "the large area of apparent undersaturation in east-central Georgia may be related to local cation exchange of sodium for calcium, which reduces calcium concentration and brings groundwater below saturation with calcite." Sprinkle (1989) continued to state that another possible explanation was "that underlying Cretaceous and Tertiary sand aquifers are discharging dilute sodium-bicarbonate water into the Upper Floridan aquifer." Molar concentrations of calcium plus magnesium were plotted against molar concentration of bicarbonate to assess whether calcite and dolomite dissolution is the major geochemical process that controls the major-ion composition. If calcite and dolomite dissolution is the dominant geochemical process, the molar concentration of bicarbonate (in millimoles per liter) should be two times the concentration of the sum of the molar concentrations of calcium and magnesium. Most water samples plot along a line with a 2:1 slope (bicarbonate to calcium plus magnesium), except for eight samples in the semiconfined area in South Carolina and a few samples in the semiconfined area in northern Florida and the confined area in southeastern Georgia (figs. 11A-C). The eight samples in South Carolina show excess bicarbonate concentrations relative to calcium and magnesium ( fig. 11B) . If the molar concentration of bicarbonate is plotted against the molar concentration of sodium, most of the eight samples plot on a 1:1 slope line, indicating that sodium provides the molar equivalent for the excess bicarbonate in these samples ( fig. 11D ). Because the increase in sodium is not accompanied by an increase in chloride, cation exchange rather than saltwater is the probable the source of the sodium. 
Mineral Saturation Indices
The computer program PHREEQC (Parkhurst and Appelo, 1999) was used to calculate the distribution and activities of dissolved species and the saturation state of groundwater with respect to the carbonate minerals calcite and dolomite. Comparison of the results for groundwater samples from the five sampling networks can be used to determine if the chemical composition of groundwater and the aquifer materials varies among networks in unconfined, semiconfined and confined areas. Assumptions for this program are that all dissolved species are at equilibrium, which allows the use of thermodynamic models to calculate the distribution of dissolved species. The saturation index (SI) is a measure of the departure from equilibrium and is expressed as:
where IAP = the ion activity product of the components of the solid or gaseous phase, and KT = the solid or gaseous phase solubility equilibrium product at the specified temperature (at the time of sampling).
When SI is equal to 0, the solid or gaseous phase is in equilibrium with the groundwater. When SI is less than 0, the solid or gaseous phase is undersaturated, which means that the phase has the thermodynamic potential to dissolve. When SI is greater than 0, the solid or gaseous phase is supersaturated, and the phase has the potential to precipitate or volatilize.
Most SI values with respect to calcite are within the -0.2 to 0.2 range considered to be at equilibrium with respect to calcite ( fig. 12A ). The lowest median calcite SI was in the confined area in southeastern Georgia where nearly half of the samples in this network were undersaturated with respect to calcite. Most SI values with respect to Only one sample collected for this study had a sodium-chloride water type, indicating possible mixing of saltwater with groundwater. The sample was from the semiconfined area in South Carolina and showed other evidence of saltwater mixing, including elevated concentrations of dissolved solids (5,370 mg/L), bicarbonate (567 mg/L), dolomite are less than -0.2 indicating that most samples are undersaturated with respect to dolomite ( fig. 12B ). The highest median SI with respect to dolomite was for samples in the semiconfined area in South Carolina where nearly half the samples were at equilibrium with respect to dolomite ( fig. 12B ).
The ratio of calcium to magnesium concentration was computed based on molar concentrations in groundwater samples to determine the effects of dolomite in aquifer sediments on the major-ion chemistry of groundwater. The lowest values for the calcium to magnesium molar ratio in groundwater were in samples from the network in the confined area in southeastern Georgia (median ratio was 1.5) (figs. 12C and 13). Median calcium to magnesium molar ratios were also low in the samples from semiconfined areas in southern South Carolina (median ratio 2.1) and in northern Florida (median ratio 3.3) ( fig 12C) . Molar ratios of calcium to magnesium near 1.0 probably reflect the effects of dolomite in the aquifer sediments. In contrast, the median calcium-magnesium ratio for samples from the unconfined area in southwestern Georgia was about 32, indicating that groundwater in that area had predominantly been in contact with calcite. Additionally, in this area samples were at equilibrium with respect to calcite ( fig. 12A ) and undersaturated with respect to dolomite ( fig. 12B) . The presence of dolomite in aquifer sediments in the confined area may explain why the SI values with respect to calcite for samples from this area were lower than in the samples from the other areas ( fig. 12A ). 
Trace Elements and Radon
Trace element concentrations generally are low in samples collected from the domestic wells in the Upper Floridan aquifer, and no MCLs were exceeded (tables 7 and 8). SMCLs were exceeded for 12.8 percent of samples for iron and 4 percent of samples for manganese (table 8) . For 19 of the 23 trace elements analyzed, more than 50 percent of samples had concentrations less than minimum reporting limits of 1 μg/L, and all concentrations were less than minimum reporting limits for five trace elements (beryllium, cadmium, cobalt, silver, and thallium) (table 7). Minimum reporting limits were assigned at 1.0 μg/L, except for aluminum (1.6 μg/L), boron (8.0 μg/L) and iron and strontium (10 μg/L). Iron and manganese concentrations were generally low, with iron concentrations ranging from less than 10 to 3,640 μg/L and manganese concentrations range from less than 1 to 107 μg/L (table 7) . The maximum iron concentration of 3,640 μg/L was found in a sample from the unconfined area in northern Florida. The maximum manganese concentration, 107 μg/L, was measured in a sample from the confined area in southeastern Georgia. Concentrations of trace elements do not appear related to confinement category, but are probably related to spatial differences in lithology in the aquifer materials or the overlying materials.
Radon concentrations were highly variable in the Upper Floridan aquifer, ranging from below the reporting level of 10 picocuries per liter (pCi/L) to about 6,000 pCi/L. fig. 14) . In the four other sampling networks, 4 to 64 percent of samples had radon concentrations greater than 300 pCi/L. Radon concentrations in groundwater are dependent upon the uranium and radium content of the rocks comprising the aquifer materials and the physical characteristics of the aquifer materials (Cecil and Green, 2000) . The higher radon values in the unconfined area in Florida are probably not related to confinement, but are related to spatial differences in uranium content in the aquifer materials and overlying sands and clays or to differences in physical aquifer properties. In a recent study in Tampa, Florida, Katz and others (2008) reported that radon concentrations were higher in the water samples from wells installed in the overlying clay and sand of the surficial aquifer than in samples from wells in the underlying Upper Floridan aquifer. 
Nitrate
Nitrogen is widely used as a fertilizer for agricultural activities and is also present in human and animal waste; therefore, the land surface is exposed to nitrogen from various sources. Nitrate is a highly soluble form of nitrogen that can readily leach into the groundwater and can also be denitrified to the form of nitrogen gas. The concentrations of nitrate in groundwater are a concern because of the potential humanhealth effects, specifically methemoglobinemia in infants, which has led the USEPA to establish the MCL for nitrate at 10 mg/L as nitrogen (U.S. Environ mental Protection Agency, 2006). The widespread occurrence of nitrate, in combination with its potential for human-health effects, makes distribution of nitrate concentrations in groundwater an important issue to understand. 
Occurrence and Distribution of Nitrate
Occurrence and Distribution of Selected Contaminants
Samples from 148 domestic wells completed in the Upper Floridan aquifer were analyzed for a number of constituents that are considered anthropogenic contaminants: nitrate, VOCs, and pesticides. Results show that water in this aquifer is of good quality and no drinking-water standards or humanhealth guidelines were exceeded for any of the anthropogenic contaminants. This section describes the occurrence and distribution of these contaminants in groundwater as well as an assessment of the relative importance of factors affecting the concentrations of nitrate, VOCs, and pesticides in domestic wells in the Upper Floridan aquifer. Nitrate concentrations are described and compared by sampling network and by confinement and land-use categories. The occurrence and distribution of VOCs and pesticides are compared by confinement and land-use categories. For comparisons by confinement category, the samples from the unconfined area include the 58 samples from the unconfined areas in southwestern Georgia and northern Florida and the samples from semiconfined areas include the 60 samples from the semiconfined areas in northern Florida and southern South Carolina.
the confined area in southeastern Georgia ( fig. 15) . Overall, about 30 percent of samples had concentrations greater than 1 mg/L, a level which is indicative of human influence in many parts of the United States (Nolan and Hitt, 2003) . However, the percentage of samples with concentrations greater than 1 mg/L varied among the sampling networks, with the highest percentages in the two networks in unconfined areas ( fig. 16 ). The percentage of samples with concentrations greater than 1 mg/L ranged from 86 and 40 percent for samples in unconfined areas in southwestern Georgia and northern Florida, respectively, to 3 percent of samples in the semiconfined area in South Carolina (figs. 15 and 16). For the semiconfined area in northern Florida, about 17 percent of samples had nitrate concentrations greater than 1 mg/L. For the confined area in southeastern Georgia, 7 percent of samples had nitrate concentrations greater than 1 mg/L and nitrate was not detected in 27 samples (90 percent).
Factors Affecting Nitrate Concentrations
Comparison of nitrate concentrations among the three confinement categories shows that nitrate concentrations are significantly different (p-value less than 0.001) among the three categories (table 9), and that median nitrate concentrations are significantly higher in samples from the unconfined category compared to the semiconfined and confined categories (p-values less than 0.001) (table 10). The median nitrate concentration is 1.46 mg/L for 58 samples from the unconfined category, compared to median concentrations less (Berndt, 1996) . Nitrate concentrations varied spatially in the Upper Floridan aquifer. Concentrations were highest in the unconfined area in southwestern Georgia and were lowest in than 0.06 mg/L in the semiconfined and confined categories ( fig. 17A; table 9 ). The median dissolved oxygen concentration is also higher in the unconfined category ( fig. 17B) . The higher nitrate concentrations in the unconfined category indicates the greater susceptibility of unconfined areas of aquifers to contamination from land-surface activities, especially in carbonate aquifers where the thickness and type of sediments that overlie the aquifer (or the lack thereof) affect the development of secondary porosity, permeability, recharge rate, and groundwater residence time (Brahana and others, 1988) .
Comparison of nitrate concentrations among the five sampling networks shows that nitrate concentrations are significantly different (p-value less than 0.001) (table 11), and that the median nitrate concentration is highest (2.43 mg/L) for samples from the unconfined area in southwestern Georgia. Median nitrate concentrations in the other sampling networks are 0.54 mg/L in the unconfined area in northern Florida and less than 0.1 mg/L for each of the remaining three sampling networks in semiconfined and confined areas ( fig. 18A; table 11 ). The median dissolved oxygen is also highest in the unconfined area in southwestern Georgia ( fig. 18B) . Comparison of nitrate concentrations between the two networks in unconfined areas showed that nitrate concentrations are significantly different (table 12), implying that factors in addition to confinement are affecting nitrate concentrations in these two unconfined areas. One potential factor is fertilizer sources of nitrogen-the median amount of nitrogen applied as fertilizer was about twice as high in the network in the unconfined area in southwestern Georgia than in the unconfined area in northern Florida ( fig. 18D; table 3 ). For the two networks in semiconfined areas, nitrate concentrations are not significantly different from one another (table 12) . Because of the significant difference in nitrate concentrations between the two unconfined networks, examination of factors in addition to confinement, such as well depth, soil hydrologic properties, and sources of nitrogen can provide information about the relative significance of factors affecting nitrate concentration in groundwater.
Correlations of nitrate concentrations in groundwater with selected explanatory variables potentially related to sources of nitrate and the transport of nitrate to groundwater show that numerous factors were significantly correlated with nitrate concentration when all of the 148 samples were included (12 factors), but fewer were significant for individual sampling networks (3 or less factors for each) (table 13). As reported earlier, because nitrate concentrations were less than reporting levels in 90 percent of the 30 samples in the network in the confined area, correlation analyses were not performed for that sampling network. Correlation analyses were performed for the factors given in table 3 along with well depth, dissolved oxygen concentration, and organic carbon concentration, but only those with a significant correlation in one of the categories or networks are given in table 13. The large number of factors with significant correlations for the entire data set and the few significant correlations within sampling networks probably indicates that variations in nitrate concentration and some explanatory factors were greater between the networks than within individual networks. As previously discussed, nitrate concentrations were significantly different between some sampling networks. Additionally, several of the explanatory factors showed a large range in values within sampling networks (table 3) .
For the entire data set of 148 samples, several factors related to land use and sources of nitrogen in the areas surrounding wells were significantly correlated with nitrate concentrations. Nitrate concentrations were significantly correlated with the percentage of agricultural land use (correlation coefficient, tau = 0.196), nitrogen from fertilizer (tau = 0.177), and nitrogen from animal manure (tau = 0.261) (table 14) . The significant correlations between nitrate concentration and the percentage of agricultural land use and the agricultural sources of nitrogen (fertilizer and animal manure) indicate that higher nitrate concentrations are associated with increasing agricultural activities. In samples from the unconfined category, significant correlations are also seen between nitrate concentrations and the percentage of agricultural land use and agricultural fertilizer sources of nitrogen. These two factors are not significantly correlated with nitrate concentrations in the samples from the semiconfined category (table 13), implying that nitrate concentrations are more related to agricultural sources in unconfined areas than in semiconfined areas. Additional factors that are significantly correlated with nitrate concentration in the unconfined category include the soil properties of percentage clay, silt, and sand (inverse correlation). These significant (table 13) , which may indicate the importance of soil properties in unconfined areas of aquifers. For the entire data set, significant inverse correlations are noted between nitrate concentrations and the percentage of land in forest and wetland categories as well as nitrogen from atmospheric deposition, thus indicating that increasing amounts of these factors are associated with lower nitrate concentrations. This correlation might be expected between nitrate concentration and percentage of land in forest and wetland because these two land-use settings are not expected to be sources of nitrogen, but the inverse correlation between nitrate concentration and nitrogen from atmospheric deposition is problematic. Inverse correlations of nitrate with nitrogen from atmospheric deposition were also seen for the 60 samples from the semiconfined category. These correlations could be related to the very low nitrate concentrations in the groundwater samples in the semiconfined area in southern South Carolina (median nitrate concentration was less than 0.06 mg/L) such that very small differences in nitrate concentration (less than 0.1 mg/L) could be related to increasing amounts of atmospheric deposition of nitrogen (tables 3 and 13).
For the entire data set, and in all but one network, nitrate and dissolved oxygen concentrations are significantly correlated. The network in the unconfined area in southwestern Georgia was the only network where the correlation between dissolved oxygen and nitrate concentrations was not significant. The relation between dissolved oxygen and nitrate concentrations for the entire data set may be related to the denitrification of nitrate in locations where groundwater is anoxic (dissolved oxygen concentration less than 0.5 mg/L; McMahon and Chapelle, 2008). Nitrate and dissolved-oxygen concentrations were not significantly correlated in the unconfined area in southwestern Georgia because the groundwater is oxic (dissolved oxygen concentration greater than or equal to 0.5 mg/L). Under oxic conditions, nitrate would not be reduced, and nitrate concentrations would likely be affected by proximity to recharge containing sources of nitrogen.
For the entire data set, nitrate concentrations were inversely correlated with well depth, dissolved organic carbon concentrations, and percent of soil organic matter. In contrast to the inverse correlation for the entire data set, for the 58 samples in the unconfined category, nitrate concentration was positively correlated to well depth. Nitrate concentrations were not correlated with well depth in the semiconfined category or in the four sampling networks (table 13) . Well depth is often used as an indication of relative residence time for groundwater, with shorter residence times expected in shallow wells compared to deeper wells. Deeper wells imply a greater depth to the water table. Increases in nitrate concentration with increasing well depth would not be expected if higher nitrate concentrations are associated with shorter residence times (or more recent recharge) or to shallow depths to water. Nitrate concentrations were inversely correlated with dissolved organic carbon concentration in the samples from the unconfined and semiconfined categories, and in the networks in the unconfined area in northern Florida and the semiconfined area in northern Florida. Organic carbon is necessary for the microbial processes that cause denitrification, so waters with elevated dissolved organic carbon concentrations would be less likely to have elevated nitrate concentrations.
Volatile Organic Compounds
The results of VOC analyses are analyzed with respect to the occurrence and distribution of VOCs, water-quality benchmarks for human health, and fac tors affecting VOC detections. Appendix 1 lists all the VOCs analyzed for this study, and the minimum reporting level for each VOC analyzed.
Occurrence and Distribution
Volatile organic compounds were detected in 93 of 148 samples (about 63 percent) collected from domestic wells in the Upper Floridan aquifer. These compounds are associated with many products, including plastics, adhesives, paints, gasoline, fumigants, refrigerants, and dry-cleaning fluids. Fifty-eight samples (about 39 percent) contained 1 VOC detection per sample, 24 samples (about 16 percent) contained 2 VOC detections, 6 samples (about 4 percent) contained 3 VOC detections, 3 samples (2 percent) contained 4 VOC detections, and 2 samples contained 5 VOC detections ( fig. 19 ). The percentage of samples with one or more VOC detections in each sampling network ranged from 53 percent for the network in the semiconfined area in northern Florida to 70 percent for the network in confined areas (59 percent) of 1,2-dichloropropane, a fumigant, were noted by Tesoriero and others (2001) in samples collected from an unconfined shallow aquifer in Washington State.
Concentrations of VOCs typically were low with 94 percent of the detections at concentrations less than 1.0 μg/L (fig. 22) . Concentrations of the three most frequently detected VOCs-chloroform, carbon disulfide and 1,2-dichloropropane-ranged from 0.01 to 1.14 μg/L. The highest concentration of any VOC was 1,430 μg/L for tetrahydrofuran in a sample from the semiconfined area in South Carolina ( fig. 22 ). Tetrahydrofuran is a solvent that is used in the preparation of adhesives, lacquers, printing inks, fat oils, and unvulcanized rubber (U.S. Department of Labor, 2008) , and its occurrence at such a high concentration in this sample may be related to usage of this compound near the well. There are no human-health guidelines established for tetrahydrofuran.
Comparison to Water-Quality Benchmarks for Human Health
Comparison of concentrations of VOCs to human-health benchmarks (MCLs and HBSLs) was made to determine the potential adverse health effects of these compounds. Chloroform concentrations were compared to the MCL for in southeastern Georgia (fig. 20) . The percentage of samples in the Upper Floridan aquifer containing one or more VOCs was slightly higher than the findings from national studies in which 51 percent of the wells sampled contained one or more VOCs at an assessment level of 0.02 mg/L (Zogorski and others, 2006, p. 16) . The finding that one or more VOCs were detected in nearly two-thirds of the samples demonstrates the vulnerability of this aquifer to low-level VOC contamination.
The most frequently detected VOCs were chloroform (29 percent of samples), carbon disulfide (27 percent), and 1,2-dichloropropane (11 percent) ( fig. 21) . Tetrahydrofuran, acetone, tetrachloroethene (PCE), and dichlorodifluoromethane (CFC-12) were detected in 2 to 4 percent of samples and the remaining VOCs were detected in less than 2 percent of samples ( fig. 21) .
Chloroform is a trihalomethane compound and is a byproduct of the chlorination process. The source of chloroform in groundwater is attributed, in part, to the recycling of chlorinated waters to aquifers (Zogorski and others, 2006) . Other potential sources of chloroform and other trihalomethanes to domestic wells are laundry wastewater containing bleach and the well disinfection practice of shock chlorination. Chloroform was also the most frequently detected VOC in groundwater nationwide (Zogorski and others, 2006) . Carbon disulfide is a solvent used in a number of industrial applications (U.S. Environmental Protection Agency, 1994a), but it can also occur natrually due to the action of microorganisms in marine sediments and sediments in marshes (U.S. Environmental Protection Agency, 1994b) . Chloroform and carbon disulfide were both frequently detected in monitoring and public supply wells from recent studies in the Tampa Bay area (Metz and others, 2006; Katz and others, 2008) . Frequent detections MCL or HBSL) ( fig. 22 ), including chloroform and 1,2-dichloropropane. These concentrations within an order of magnitude of MCLs or HBSLs may be considered to be "of potential human-health concern" in drinking water. Information about detection of VOCs at these concentrations could be valuable with respect to future monitoring plans and groundwater protection policies (Zogorski and others, 2006) .
Factors Affecting Volatile Organic Compound Detections
The frequency of VOC detections by confinement category differed among VOCs. Chloroform was detected most frequently in samples from the unconfined category and was detected in nearly 50 percent of samples from this category ( fig. 23A ). In contrast, carbon disulfide was detected most frequently in the confined category and was detected in more than 60 percent of samples from this category (fig. 23A) . Chloroform is associated with the presence of dissolved oxygen in groundwater, and dissolved oxygen concentrations were mostly greater than 0.5 mg/L in unconfined areas ( fig. 17B ). Carbon disulfide has been more frequently detected in the anoxic groundwater of the Upper Floridan aquifer (concentrations of dissolved oxygen less than 0.5 mg/L) in an urban area in Tampa, Florida, than in oxic waters of overlying aquifers (Katz and others, 2008) . The detections of 1,2-dichloropropane only in samples from the unconfined and semiconfined categories is similar to results from Tesoriero and others (2001) where 1,2-dichloropropane was detected in 59 percent of samples collected from an unconfined aquifer. In this study, groundwater in the Upper Floridan aquifer from oxic zones (dissolved oxygen greater than 0.5 mg/L) had a substantially higher detection frequency of 1,2-dichloropropane than samples from low-oxygen zones. The most frequently detected VOCs (chloroform, carbon disulfide, and 1,2-dichloropropane) were detected in 20 percent or more of samples in two or more land-use categories ( fig. 23B) , indicating the widespread production or usage of these compounds in several land-use settings. Although carbon disulfide is a solvent, it also can occur naturally, which may explain its occurrence in samples from confined areas of the Upper Floridan aquifer.
Statistical comparisons were made to assess the effect of selected factors on the occurrence of chloroform and carbon disulfide in the Upper Floridan aquifer. The Wilcoxon rank-sum test was used to compare the medians for selected chemical factors (dissolved oxygen, nitrate and dissolved organic carbon) and anthropogenic factors (land-use and population density) between samples that contained detections of chloroform and carbon disulfide and samples without detections of either compound. For chloroform, results of the Wilcoxon rank-sum test indicated that population density and urban land use for the 500-m-radius area surrounding the well site, as well as dissolved oxygen, dissolved organic carbon and nitrate concentrations in groundwater from samples with chloroform detections (43 samples) were significantly different from samples without chloroform detections (105 samples). High median values were noted in the samples with chloroform detections for population density, percent urban land use, and concentrations of dissolved oxygen and nitrate (table 14) . The median concentration of dissolved organic carbon was slightly higher in samples without chloroform detected (0.44 mg/L) than in samples with chloroform detections (0.33 mg/L). Chloroform was detected more frequently in samples from the unconfined category (46 percent of samples) than in the semiconfined (20 percent of samples) or confined categories (10 percent of samples) ( fig.23A ). These results suggest that groundwater in oxic unconfined aquifers within densely populated urban areas could be more susceptible to chloroform occurrence than groundwater in other areas. For carbon disulfide, results of the Wilcoxon rank-sum test indicated that population density in the 500-m-radius area surrounding the well, and dissolved oxygen and dissolved organic carbon concentrations in groundwater, were significantly different between the samples with carbon disulfide detections (40 samples) and those without carbon disulfide detections (108 samples) (table 15). In contrast to chloroform, the population density in the 500-m-radius area and dissolved oxygen concentrations in groundwater were lower for samples with carbon disulfide detections than for those samples without carbon disulfide detections. The median dissolved oxygen concentration for samples with carbon disulfide detections was 0.1 mg/L, indicating waters are mostly anoxic (oxygen less than 0.5 mg/L). The median dissolved organic carbon concentration was higher (1.05 mg/L) in samples with carbon disulfide detections compared to samples without detections (0.33 mg/L). Additionally, carbon disulfide was detected less frequently in samples from the unconfined category (7 percent of samples) than in samples from semiconfined category (28 percent of samples) or confined areas (63 percent of samples) ( fig.23A ). These results suggest that groundwater in anoxic confined aquifers with elevated dissolved organic carbon could be more susceptible to carbon disulfide occurrence than groundwater in other areas.
Pesticides
The results of pesticide analyses are evaluated with respect to the occurrence and distribution of pesticides, waterquality benchmarks for human health, and fac tors affecting pesticide detections. Appendix 2 lists all the pesticides and the minimum reporting level for each pesticide analyzed for this study.
Occurrence and Distribution
Pesticides were detected in 31 of the 148 samples (about 21 percent). Thirteen samples (about 9 percent of samples) contained 1 pesticide detection per sample, 10 samples (about 7 percent) contained 2 pesticide detections, 3 samples (about 2 percent) contained 3 pesticide detections, 2 samples (about 1 percent) contained 4 pesticide detections, and 3 samples (about 2 percent) contained 5 pesticide detections ( fig. 24 ). For fig. 25 ).
The most frequently detected pesticides were the herbicides atrazine, detected in about 10 percent of samples, deethylatrazine (a degradate of atrazine) detected in about 9 percent of samples, metolachlor detected in 7 percent of samples, and alachlor detected in about 5 percent of samples ( fig. 26) . A degradate is a compound formed by the trans-formation of a pesticide by chemical, photochemical, or biological reactions. Simazine was detected in about 4 percent of samples and tebuthiuron was detected in about 3 percent of samples. The remaining pesticides were detected in 1 percent or less of the samples. Atrazine, deethylatrazine, and metolachlor were also the pesticides most frequently detected in groundwater from NAWQA studies across the Nation, and their frequency of occurrence is attributed to their high application rates and their mobility and persistence in the hydrologic system (Gilliom and others, 2006) .
Comparison to Water-Quality Benchmarks for Human Health
Concentrations of pesticides typically were low with nearly 99 percent of the detections at concentrations less than 0.6 μg/L. Maximum concentrations for the most frequently detected pesticides (all herbicides) were 0.02 μg/L for atrazine, 0.03 μg/L for deethylatrazine, 0.03 μg/L for metolachlor, and 0.52 μg/L for alachlor ( fig. 22) . The maximum concentration of any pesticide was 2.09 μg/L for tebuthiuron, in a sample from the unconfined area in southwestern Georgia ( fig. 22 ). This concentration is several orders of magnitude lower than the HBSL of 1,000 μg/L (Toccalino and others, 2007) . Comparison of pesticide concentrations to human-health benchmarks (MCLs and HBSLs) showed that no pesticides were detected at concentrations greater than the MCL or HBSL although one pesticide, alachlor, had a benchmark quotient value greater than 0.1 (within 10 percent of the benchmark) in a sample from the unconfined area in southwestern Georgia.
Factors Affecting Pesticide Detections
The herbicides atrazine, deethylatrazine, metolachlor, and alachlor were most frequently detected in samples from the unconfined category and the agriculture land-use category ( fig. 27A-B) . These herbicides were detected in about 12 to 25 percent of samples from the unconfined category, compared to less than 5 percent in the semiconfined and confined categories. Because many of the sites in unconfined areas are also designated in the agriculture category, detection rates for these herbicides were also greatest in the agriculture category. Detection rates for atrazine, deethylatrazine, metolachlor, and alachlor ranged from about 10 to 21 percent for agriculture category ( fig. 27B ). In the urban category, detection rates for atrazine and deethylatrazine were about 7 percent, reflecting the use of atrazine for weed control in residential and urban settings. In the undeveloped land-use category, atrazine was detected in 8 percent of samples and deethylatrazine and metolachlor were detected in 5 percent of samples.
Statistical comparisons were made to assess the effect of selected factors on the occurrence of atrazine in the Upper Floridan aquifer. The Wilcoxon rank-sum test was used to compare the medians for selected chemical factors (dissolved oxygen, nitrate and dissolved organic carbon) and anthropogenic factors (land-use, nitrogen sources, and pesticide applications) between samples that contained detections of atrazine and samples without atrazine detections. 
Occurrence and Distribution of Selected Contaminants 31
Because atrazine detections only occurred in the unconfined category ( fig. 27A ), comparisons were only made for samples from this category. About 87 percent of the 15 samples with atrazine detections also had deethylatrazine detections, and 40 percent had metolachlor detections (table 16) . Statistical results indicated that samples with atrazine detections had significantly higher nitrate concentrations, dissolved oxygen concentrations, and nitrogen fertilizer loads and significantly lower dissolved organic carbon concentration than samples without atrazine detections. The samples with atrazine detected also had significantly higher amounts of atrazine application rates within the 500-m-radius area surrounding the well than samples without atrazine detections (table 16) . For the 15 samples with atrazine detections, the median application rate of atrazine within the 500-m-radius area was 2.5 kg/yr compared to atrazine application rates of about 0.6 kg/yr for the samples without atrazine detections (table 16 ). The atrazine application rate is derived from the pesticide use per county and apportioned based on the percentage of land area in row crops, small-grain crops, and fallow lands (Nakagaki and Wolock, 2005) . These results indicate that atrazine detections in the Upper Floridan aquifer are associated with high atrazine applications, shallow wells, and oxic groundwater (dissolved oxygen greater than 0.5 mg/L), conditions that were observed in the unconfined area in southwestern Georgia. 
Summary
Water-quality analyses of samples from 148 domestic wells completed in the Upper Floridan aquifer indicated that the water in this aquifer is of good quality. Maximum contaminant levels (MCLs) for drinking water were only exceeded for fluoride, where 2 samples (about 1 percent of samples) had concentrations greater than the MCL of 4 mg/L (milligrams per liter). The Upper Floridan aquifer is used as drinking water for about 10 million people, mostly in Florida and Georgia. Results of the inorganic geochemistry analyses indicate that the dissolution of calcite and dolomite controls the major ion chemistry. Cation exchange of major ions in water with underlying sediments was evident in South Carolina. Effects of aquifer confinement on groundwater geochemistry are seen in the higher concentrations of dissolved oxygen in groundwater in unconfined areas compared to semiconfined or confined areas. Median concentrations of dissolved oxygen were highest in samples from unconfined areas in southwestern Georgia (5.7 mg/L) and northern Florida (2.2 mg/L). Median concentrations were less than 1 mg/L for samples from the three networks in semiconfined or confined areas.
Results of trace element analyses indicated that most concentrations are low or not detected at a reporting level of 1.0 μg/L (micrograms per liter), except for strontium and a few samples (13 and 3 percent) that had iron or manganese concentrations greater than the Secondary Maximum Contaminant Levels (SMCLs) of 300 and 50 μg/L, respectively. Radon concentrations were variable and ranged from 10 to 6,000 pCi/L (picocuries per liter), and about 40 percent of samples had concentrations greater than the proposed MCL of 300 pCi/L. The variable concentrations did not appear related to aquifer confinement and probably reflect spatial differences in lithology of the aquifer materials or overlying materials.
The effects of confinement and land use were evident in the occurrence and distribution of nitrate in the Upper Floridan aquifer. Overall, nitrate concentrations were low (median less than 0.06 mg/L), but were significantly higher in one sampling network in the unconfined area in southwestern Georgia than in the other four sampling networks, including samples from a sampling network in an unconfined area in northern Florida. Although the percentage of agricultural land surrounding wells was similar in the two unconfined networks, the estimated amount of nitrogen applied as fertilizer was twice as high in the network in the unconfined area in southwestern Georgia than in the network in the unconfined area in northern Florida. This finding reflects the greater intensity of agricultural practices (related to crop types and their associated fertilizer requirements) in the unconfined area in southwestern Georgia relative to the unconfined area in northern Florida. Dissolved oxygen concentrations were mostly greater than 0.5 mg/L in these unconfined areas and were not correlated with nitrate concentrations; specifically, higher dissolved oxygen concentrations were not associated with higher nitrate concentrations.
The occurrence and distribution of volatile organic compounds (VOCs) and pesticides also were related to the effects of confinement and land use. Overall, most concentrations of both groups of compounds were low (less than 1 μg/L) and no drinking-water standards were exceeded. More VOCs were detected (24 compounds) than pesticides (12 compounds); VOCs were detected in more samples (55 percent) than pesticides (21 percent); and concentrations of most VOCs were about an order of magnitude higher than most pesticide concentrations. Concentrations of the three most frequently detected VOCs-chloroform, carbon disulfide and 1,2-dichloropropane-ranged from 0.01 to 1.14 μg/L. Chloroform, a byproduct of chlorination, was detected in 29 percent of samples and was most frequently detected in unconfined areas and in urban areas, which is similar to nationwide NAWQA results. In contrast, carbon disulfide, a solvent that also has natural sources, was detected in 27 percent of samples and was most frequently detected in confined areas.
The most frequently detected pesticides were the herbicides atrazine, detected in about 10 percent of samples, deethylatrazine (a degradate of atrazine) detected in about 9 percent of samples, metolachlor detected in 7 percent of samples, and alachlor detected in about 5 percent of samples. Maximum pesticide concentrations for the most frequently detected pesticides (all herbicides) were 0.02 μg/L for atrazine, 0.03 μg/L for deethylatrazine, 0.03 μg/L for metolachlor, and 0.52 μg/L for alachlor. Atrazine and alachlor were only detected in unconfined areas and atrazine, deethylatrazine, metolachlor, and alachlor were most frequently detected in agricultural settings where the estimated atrazine application rate near well sites was greatest. Results of nonparametric statistics showed that, among samples from unconfined areas, samples with atrazine detections had significantly higher nitrate, dissolved oxygen, and applications of nitrogen fertilizer and atrazine than those without detections. 
